Introduction
Surface plasmon polaritons(SPPs) is a unique optical phenomenon which occurs in the coupling of electromagnetic waves with free electrons at the metaldielectric interface [1] . It can overcome the classical diffraction limit of light.
Based on this property, metal-dielectric-metal(MDM) waveguides have been designed and widely applied to manipulate light within sub-wavelength dimensions. And many plasmonic structures, such as high-sensitivity refractive index sensor [2] , enhanced biochemical sensors [3] , switches, filters [4] , have been designed based on Fano resonance by utilizing MDM waveguide [3, 5, 6] . Due to the interference of continuous(bright) modes and discrete(dark) modes, Fano resonance exhibits the sharp asymmetric line shape characteristic [7] , which has attracted more and more attention. The common design methods of these structures can be generally divided into three categories -First is that the input and output waveguides are direct coupled to both ends of the resonator [3, [8] [9] [10] , second is that the resonators are side coupled to one waveguide between the input and output ports [11] [12] [13] [14] [15] , and third is that the input waveguide, output waveguide and resonators are all coupled through a gap [2, 16, 17] . The common resonators are rectangular [6] , ring [14] , triangular [9] , disk [18, 19] , hexagonal [20] and other special shapes. In recent years, many structures have been proposed to obtain the Fano resonance effect [20, 21] . Obviously, a structure with only one resonant mode is hardly to have satisfactory effect in practical applications [20, 22] . Therefore, the structures which can excited multimode resonances are proposed [23] . So far as is known, increasing the number of transmission peaks can effectively improve the accuracy and the fault tolerance of the structure. Independently adjusting the position of the resonance peaks can make the structure have a high suitability to different application, and the compact size is always desirable in the design of on-chip plasmonic structures. However, multiple resonance peaks generally mean more complex structure with hardly to obtain a highly independent tunability [24] . It is also a technical challenge to reduce the size of the structure under the premise of guaranteeing the performance [15] .
In this paper, we proposed a compact plasmonic nanosensor which is composed of one MDM waveguide, two side-coupled stubs, and three gap-coupled resonators of a T-shaped, a ring and a split-ring separately. The transmission features of the structure are numerically simulated by finite element method (FEM). The simulation results show that the transmission spectrum has multiple Fano resonances. Moreover, each peak of Fano resonances can be independently and precisely tuned by changing the corresponding resonator's parameters. The characteristics of each resonance mode are further investigated in details. By comparing these resonators to each other, it can be found that the 4 resonator directly coupled to the MDM waveguide has a higher transmission, the asymmetric T-shaped resonator can generate multiple resonant modes, the ring resonator can produce a sharper transmission peak, and the split-ring resonator has the minimum size with more adjustable parameters under the premise of guaranteeing the performance. Hence, our compound structure combines the advantages of the various resonators, such as the asymmetric T-shaped, ring and split-ring, to obtain multiple Fano resonance modes with highly compact dimensions and independent tuning of peak position. Subsequently, the research on properties of refractive index nanosensor shows the maximum value of the sensitivity is 1900 / and the figure of merit (FOM) is 1199 .
Meanwhile, the group refractive index of the structure is up to 18. All these capabilities are excellent compared to similar reported nanosensors. Thus, our structure is potential for on-chip detection with high performance. Moreover, our study on the characteristics of different types of resonators also provides a powerful theoretical guidance for all-optical integration systems and ultracompact plasmonic devices.
Theory and Model
Figure. 1 Schematic diagram of the plasmonic nanosensor. Geometric parameters are labelled on the structure for the following discussion. Figure. 1 shows the scheme diagram of our plasmonic nanosensor. It is composed of three resonators(an asymmetric T-shaped, a ring and a split-ring, respectively) which are gap-coupled to a bus waveguide with two stubs. For convenience, firstly we named the T-shaped resonator, the ring, the split-ring, the left stub and the right stub as has the same distance to the bus waveguide which is 215 . In the schematic diagram, the white and blue areas represent dielectric and metal respectively.
The dielectric in the waveguide and cavities is air, of which the relative permittivity is = 1. The metal is silver, with permittivity characterized by the Drude model covering the wavelength range of 1000~2000nm of interest [25] .
where ∞ = 3.7 is the electric constant at the infinite angular frequency, the bulk plasma frequency = 1.38 × 10 16 / , stands for the angle frequency of incident wave, the damping rate = 2.73 × 10
13
/ characters the absorption loss. TM-polarized plane wave is launched from 1 to excite the SPPs.
Here and stand for input and output power flows of the input 1 and output 2, respectively. The transmittance is defined as = / .
Since the width of the bus waveguide is much smaller than the wavelength of the incident light, only a single propagation mode 0 can exist in the structure, of which the dispersion relation is determined by the following equation
where = 0 is the propagation constant of the SPPs in the waveguide, is the effective refractive index, 0 = 2 / is free space wavenumbers.
Then the resonance wavelength of different modes for stub and resonators can be derived from the standing wave theory by the resonance condition as follows
and
where is the effective length of the cavity, and is the phase shift of SPPs reflected on the facets of the cavity. 
Where is the transmission coefficient and is the total coupling phase difference of the th resonant mode.
Results and Discussion
In this paper, the compound structure of our plasmonic nanosensor, as shown In our design, 1 can afford to form the bright mode, and each of the three resonators ( 1, 2, 3) can generate the different dark modes.
To further reveal the resonance properties, like assembling as building blocks, we performed a series of numerical simulations to discuss the mechanism of our design.
Firstly, a simple layout consisting of the bus waveguide with 1, was studied and the transmittance spectrum is depicted with blue dashed-line as shown in In the following part, we further investigated the parametric responses of each resonance element and discussed the performance of the nanosensor. For the sake of concise describe, each time only one parameter has a variation, the other parameters are constant. Figure 4a shows the transmission spectra of changing the distance between two stubs. It was found that the resonance wavelength of 1 will produce a significant red shift by increasing , while the other four peaks almost remain unchanged. Figure 4b shows the resonance wavelength of 1 also has a red shift by increasing the height of 2. It can be seen by comparing the Figure 4a and b that the changes of the full width at half maxima(FWHM) of 1 is more stable when the parameter is adjusted. This is mainly because the change of has a larger influence on the symmetry of the resonance system than the change of . Moreover, the transmittance of 1 is higher than the others, due to the direct coupling between 13 the stubs and the waveguide. And it is worth mentioning that the continuous bright mode is only excited by 1, while the discrete dark mode can be excited by either of the three cavities. Thus, 1 plays the important role to excited both the bright mode and the dark mode in this resonance system. Similar structural design can significantly reduce device size in some specific situations. However, the good performance of sensor needs high transmission and narrow FWHM. It's necessary to select the appropriate to compromise these two parameters. As aforementioned that 2 is controlled by the left and bottom parts of 1, while the resonance of 3 is produced by the right and bottom parts of 1. This kind of multiple use of cavity can effectively decrease the size of the structure. Subsequently, we investigated the features of 2 and 3 on sensing performance. Figure 6a shows the relation between 1 and the transmission spectra, when the outer radius 1 of 2 increases, a significant red shift appears in 4, while the other peaks are stable. A similar situation occurs for the outer radius 2 of 3 and 5, as shown in Figure 6c . In Figure 6b and d, we can see that the coupling distance 1 and 2 simultaneously affect to a slight destructive interference. Compared to the widely used ring resonator, the split-ring almost only takes a quarter of the area to achieve the analogous performance. And the split-ring can be considered as a rectangle rolled up, which can save space than a conventional rectangular. Besides, the tilt angle can be used as a free tuning switch for the structure design.
By analysis above, we can conclude that each resonance mode of our structure has an excellent independence tuning performance.
It is worth mentioning that the sensitivity defined as = / and figure 
where is the group refractive index, is the group velocity, represents the speed of light in the free space and is the distance between the input port and the output port. Figure 9c shows the dependence between group refractive index and the incident wavelength. It can be seen that the group refractive index is up to 18 at 1359 which is much higher than similar devices and this result is due to its compact size. And at the dip of transmission spectra also can produce fast light effect due to the presence of anomalous group velocity dispersion. Based on Figure 8a and Figure 9c , it can be concluded that the group refractive index obtained at 2 is 16, and its transmission can also reach 0.43, which is an excellent performance for slow light device. Thus, the structure proposed in this paper can also provide a theoretical basis for the slow light structure design in the field of nano-integrated photonic device.
Conclusion
In summary, we report a novel nanosensor which is composed of two stubs and 
